Highlights d Centromere/kinetochore functional layers scale proportionally with centromere size d Kinetochore microtubule binding capacity scales with kinetochore size d Chromosome congression and bi-orientation are biased by kinetochore size d Error formation leading to chromosome missegregation is biased by kinetochore size
In Brief Drpic et al. use fibroblasts from female Indian muntjac, the mammal with the lowest known chromosome number (2n = 6), to show that chromosome congression and bi-orientation are biased by kinetochore size. Chromosomes with larger kinetochores are also biased to establish erroneous merotelic attachments and missegregate during anaphase. Thus, kinetochore size is an important determinant of chromosome segregation fidelity.
INTRODUCTION
Deviation from the normal chromosome number in a given species, also known as aneuploidy, arises through problems in chromosome segregation during mitosis or meiosis. Gain or loss of specific chromosomes can result in stable karyotypes, as in many human trisomies, or represent a permanently unstable condition known as chromosomal instability (CIN), as typically observed in human cancers [1] . The gain/loss of a particular chromosome is believed to be random, with prevalence of particular karyotypes being essentially determined by cell viability and selection. However, we currently do not know whether all chromosomes have the same probability to missegregate.
The kinetochore is a vital component required for chromosome segregation in eukaryotes because it establishes the interface with mitotic spindle microtubules. In mammals, the initial contacts between mitotic spindle microtubules and kinetochores take place during prometaphase, after nuclear envelope breakdown (NEB). Scattered chromosomes then align at the spindle equator by a process known as chromosome congression [2] . When chromosomes are favorably positioned between the spindle poles they establish end-on kinetochore-microtubule attachments and congress after bi-orientation. More peripheral chromosomes are laterally transported along spindle microtubules toward the equator by the plus-end-directed kinetochore motor CENP-E (kinesin-7) [3, 4] . Intriguingly, some metazoans, such as C. elegans, congress all their chromosomes in the absence of a CENP-E ortholog, but their kinetochores extend along the entire chromosome length [5] . How kinetochore size impacts the mechanisms of chromosome congression and segregation remains unknown.
Kinetochore size varies among different animal and plant species [5] [6] [7] [8] [9] [10] [11] , between different chromosomes within a given species (including humans) [6, [12] [13] [14] [15] [16] [17] , and in response to microtubule attachments throughout mitosis [18, 19] . Kinetochore size is primarily determined by the length of a-satellite DNA, the presence of CENP-B boxes, and the extent of incorporation of CENP-A at centromeres [20] [21] [22] [23] . Additionally, vertebrate kinetochores have an expandable module formed by proteins involved in spindle assembly checkpoint (SAC) signaling, motor proteins (e.g., CENP-E and cytoplasmic dynein), and microtubule regulating proteins (e.g., CLASPs) located in the fibrous corona [16, 18, 24, 25] . How the different centromere and kinetochore functional layers scale with centromere size has not been elucidated.
More recently, computational modeling predicted that adaptive changes in kinetochore size and shape play a critical role in chromosome orientation and error prevention during spindle assembly in human cells [19] . However, the physiological relevance of kinetochore size in chromosome segregation has not been experimentally evaluated due to technical limitations, as even the largest human kinetochores are not resolvable by conventional light microscopy in living cells.
To overcome these limitations, here we took advantage of the unique cytological features of the Indian muntjac, a small deer whose females have the lowest known chromosome number (2n = 6) in mammals [26] . Due to centromere-telomere and centromere-centromere tandem fusions during evolution [27] , Indian muntjac chromosomes are large and morphologically distinct, with one pair of acrocentric chromosomes (chromosomes 3+X) containing an unusually large compound kinetochore [8, 26, 28] . We show that Indian muntjac cells are amenable for both pharmacological inhibition and genetic manipulation by RNAi. These capacities, combined with highresolution live-cell and fixed-cell microscopy, allowed us to demonstrate that chromosome congression and segregation in this placental mammal are not random and are strongly biased by kinetochore size. The implications for chromosome segregation fidelity in metazoans are discussed.
RESULTS

Indian Muntjac Centromere and Kinetochore Functional Layers Scale Proportionally with Centromere Size
To characterize Indian muntjac kinetochores, we started by measuring their centromere length using chromosome spreads from female hTERT-immortalized primary fibroblasts [29] . In agreement with previous reports [8, 28] , chromosome 3+X contained a distinctively large centromere, measuring 1.87 ± 0.47 mm (mean ± SD; n = 85 kinetochores, 40 cells) (Figures 1A and 1A 0 ). The centromeres of chromosomes 1 and 2 were significantly smaller, measuring 0.68 ± 0.20 mm (n = 90 kinetochores) and 0.45 ± 0.15 mm (n = 77 kinetochores), respectively (Figures 1A and 1A 0 ). To determine how different structural and functional centromere and kinetochore proteins scale with centromere (B 0 -G 0 ) Respective quantification of protein levels at Indian muntjac kinetochores, relative to chromosome 3+X (C3X) for CENP-A (B 0 ), Ndc80 (C 0 ), CENP-E (D 0 ), Mad2 (E 0 ), pAurora B (F 0 ), and pKNL1 (G 0 ) (mean ± SD, n R 37 cells per condition, $100 kinetochores per chromosome type, ***p < 0.001 relative to controls, Mann-Whitney rank-sum test). length, we used fluorescence microscopy in chromosome spreads. Namely, we quantified the total levels of inner and outer kinetochore proteins involved in kinetochore assembly and end-on kinetochore-microtubule attachments (CENP-A and Ndc80/Hec1, respectively), SAC response (Mad2), as well as fibrous corona motor proteins (CENP-E). Additionally, we have also quantified the levels of active Aurora B on centromeres [30] and of one of its phosphorylated kinetochore substrates (pKNL1 [31] ). We found that all these proteins scaled proportionally with centromere size in the absence of microtubules (Figures 1B-1G and 1B 0 -1G 0 ).
Indian Muntjac Kinetochores Show Standard Structural Organization and Their Microtubule Binding Capacity Scales with Kinetochore Size
To get insight into the structural organization of Indian muntjac kinetochores, we measured the corresponding distances between CENP-A and Ndc80/Hec1 (also known as Delta [32] ) in small and large kinetochores from aligned bi-oriented chromosomes ( Figure 2A ). We found that intra-kinetochore distances in small and large kinetochores were identical, suggesting similar molecular organization (Figures 2A 0 and 2A 00 ). It is noteworthy that scanning each large kinetochore in three different places resulted in a Delta range that was similar to the one observed in small kinetochores, consistent with a repetitive sub-unit organization [33] .
Next, we performed serial-section electron microscopy of metaphase Indian muntjac chromosomes. Both small and large kinetochores displayed expected trilaminar plates adjacent to centromeric heterochromatin and end-on attached microtubules (Figures 2B and S1). Manual tracing and projection of all microtubules whose ends terminate at the kinetochores demonstrated that the large kinetochores from chromosome 3+X bind more microtubules than smaller kinetochores in Indian muntjac (Figures 2C and S1). 3D surface rendering of entire kinetochore volumes indicated that the size differences among metaphase Indian muntjac chromosomes are maintained upon microtubule attachments and that large attached kinetochores were often slightly bent in response to spindle forces ( Figure 2D ). Quantification of the total number of attached microtubules per kinetochore from 26 serial-sectioned kinetochores (13 chromosomes, 3 cells) revealed a strong positive correlation between the number of (A 0 and A 00 ) Higher-magnification views of C3X (A 0 ) and smaller kinetochores (A 00 ). Dashed lines denote where intra-kinetochore distances were measured. Scale bars, 5 mm (A) and 1 mm (A 0 and A 00 ). Differences between large and small kinetochores were not statistically significant (t test). KT, kinetochore. (B) Single electron microscopy section from consecutive series highlighting the standard organization of the Indian muntjac centromere and kinetochore plates. L1 and L2 correspond to the plates on chromosome C3X; S1 and S2 correspond to the plates on a neighboring chromosome with smaller kinetochores. Scale bar, 2 mm. (C) Z projection of the entire volume of the corresponding series shown in Figure S1 . K fibers on the C3X chromosome comprise a larger number of microtubules (green). Kinetochore plates (magenta) and chromosomes (blue) are indicated. Scale bar, 1 mm. MT, microtubule. (D) Surface-rendered model of the volume shown in Figure S1 . C3X kinetochores are approximately twice as large as in chromosomes with smaller kinetochores. (E) Quantification of the number of attached microtubules as a function of the approximate kinetochore area. Plot shows serial-section electron microscopy data from 26 kinetochores from 13 chromosomes and 3 cells. See also Figure S1 . kinetochore microtubules and the respective kinetochore area ( Figure 2E ).
The Molecular Landscape Required to Establish Functional Kinetochore-Microtubule Attachments Is Conserved in Indian Muntjac
To investigate whether Indian muntjac kinetochores are functionally equivalent to other placental mammals, such as humans, we used RNAi to deplete representative centromere and kinetochore components involved in the establishment of end-on kinetochore-microtubule attachments (Ndc80 complex), SAC response (Mad2 and Mps1), the regulation of kinetochore-microtubule dynamics (CLASP1), and error correction (chromosomal passenger complex). To visualize chromosomes and microtubules in living cells, we stably expressed histone H2B-GFP and used 20-50 nM SiR-tubulin [34] , which did not interfere with normal mitotic progression and chromosome segregation (Figures 3A and 3B; Video S1). Depletion of Ndc80 resulted in massive chromosome missegregation (Figures 3A and 3C; Video S1). As expected, Mad2 or Mps1 depletion accelerated the onset of anaphase and led to the formation of lagging chromosomes, whereas CLASP1 RNAi resulted in short spindles (Figures 3A and 3C; Video S1). Finally, depletion of the chromosomal passenger complex protein Survivin caused an overall defect in spindle assembly and incapacity to segregate chromosomes during anaphase, followed by cytokinesis failure and There is no statistically significant difference in mitotic timing from NEB to anaphase onset (ANA) in the presence or absence of SiR-tubulin (Mann-Whitney rank-sum test, p = 0.591). n.s., not significant. (C) Protein lysates obtained after RNAi were immunoblotted with an antibody specific to each protein of interest. GAPDH was used as loading control. See also Video S1. polyploidy (Figures 3A and 3C; Video S1). Overall, these results suggest that the molecular landscape required to establish functional kinetochore-microtubule attachments is conserved between Indian muntjac and humans.
Any Chromosome May Use Either the CENP-E-Dependent or -Independent Pathway to Congress, Regardless of Kinetochore Size Next, we investigated whether chromosome congression in Indian muntjac fibroblasts also relied on motor-dependent and -independent pathways. To do so, we inhibited the kinetochore motor CENP-E for 1 hr with 20 nM GSK923295 [35] , which more than doubled the normal frequency of mitotic cells with chromosomes at the poles, consistent with inhibition of CENP-E ( Figure S2 ) [4] . Importantly, increasing the amount of CENP-E inhibitor by an order of magnitude did not result in further increase of mitotic cells with chromosomes at the poles, suggesting full inhibition of CENP-E motor activity at 20 nM, without displacing endogenous CENP-E from kinetochores ( Figure S2 ).
To directly test the implications of kinetochore size for chromosome congression, we followed mitosis in Indian muntjac fibroblasts stably expressing CENP-A-GFP after CENP-E inhibition ( Figure 4 ; Video S2). We found three different scenarios: (1) very few cells showed all chromosomes at the poles (2/28 cells, six independent experiments); (2) some cells aligned all their chromosomes at the metaphase plate soon after NEB (6/28 cells, six independent experiments); and (3) most cells showed at least one chromosome, either with a small or large kinetochore, that remained at the poles (20/28 cells, six independent experiments). These data demonstrate that any chromosome may use either the CENP-E-dependent or -independent pathway to congress, regardless of kinetochore size.
Chromosome Congression and Bi-orientation in Indian Muntjac Are Biased by Kinetochore Size
To determine the number of chromosomes with small or large kinetochores at the pole after CENP-E inhibition, we performed immunofluorescence in fixed cells ( Figure 5A ). We found that the number of chromosomes with small or large kinetochores at the pole followed an almost perfect binomial distribution ( Figure 5B ). This indicated that the fate of each individual chromosome was largely independent of the other chromosomes of the same class and that the state of the chromosomes with small kinetochores did not influence the state of the chromosomes with large kinetochores, and vice versa. Most strikingly, the probability of each individual chromosome with small kinetochores to stay at the pole was approximately twice the probability of a chromosome with a large kinetochore: 0.19 ± 0.034 versus 0.11 ± 0.048, respectively (mean ± SD) ( Figure 5C ).
In human cells, >96% of the chromosomes relying on CENP-E for congression are normally excluded from the spindle region and locate closer to one of the spindle poles at NEB [4] . To exclude that the observed bias for Indian muntjac chromosomes with large kinetochores to align independent of CENP-E was due (B) Quantification of the number of chromosomes with small or large kinetochores at the pole after CENP-E inhibition by immunofluorescence in fixed cells (magenta and green lines) and respective theoretical prediction based on a binomial distribution (gray bars). (C) Probability of each individual chromosome with small or large kinetochores to stay at the pole upon CENP-E inhibition (arbitrary units) (mean ± SD, n = 621 cells, six independent experiments, p = 0.0067, t test). (D) 4D (x, y, z, t) tracking of chromosomes with large kinetochores after CENP-E inhibition to determine their position relative to the poles at NEB and the forming mitotic spindle (see dashed box in A for reference). Note that chromosomes with large kinetochores are randomly distributed relative to the equator and the spindle poles. See also Figure S2 and Video S3.
to a tendency to localize in the spindle region and/or equidistantly to the spindle poles at NEB, we performed four-dimensional (4D, x, y, z, t) tracking of chromosomes with large kinetochores after CENP-E inhibition in living cells (n = 23 large kinetochore pairs, 13 cells). We found that 22/23 Indian muntjac chromosomes with large kinetochores were excluded from the spindle ellipsoid region and were nearly randomly positioned along the spindle axis at NEB (45% of the kinetochores were closer to the poles versus 55% of the kinetochores that were closer to the spindle equator; Figure 5D ; Video S3). Overall, these data indicate that chromosomes with a larger kinetochore rely less on CENP-E motor activity and are biased to congress after bi-orientation, independent of chromosome positioning relative to the spindle region and poles at NEB.
Chromosomes with Larger Kinetochores Are More Prone to Establish Erroneous Merotelic Attachments that Result in Non-random Missegregation
To directly investigate whether chromosomes with large kinetochores are more prone to establish erroneous attachments with spindle microtubules, we set up a monastrol treatment/washout assay in Indian muntjac fibroblasts ( Figures 6A, 6B , S3, and S4; Video S4; see STAR Methods). Calculation of the fraction of each chromosome group (with small or large kinetochores) with merotelic (same kinetochore attached to microtubules from both (C3X(a) ) containing a large kinetochore with merotelic attachments and the corresponding sister (C3X(b)). Scale bar, 5 mm. The images and graphical sketches on the right highlight the type of attachments in the two sisters (23 zoom).
(legend continued on next page) Current Biology 28, 1-13, May 7, 2018 7 poles) or syntelic (microtubules from the same pole attached to both sister kinetochores) attachments in fixed cells revealed a low frequency of syntelic attachments for chromosomes with either small or large kinetochores (1.9% versus 1.4%, respectively) ( Figure 6C ). However, the frequency of chromosomes with large kinetochores that established erroneous merotelic attachments was several-fold higher when compared with chromosomes with small kinetochores (7.0% versus 1.6%, respectively) ( Figure 6C) .
Because, when challenged, chromosomes with large kinetochores tended to establish merotelic attachments, we investigated whether they lagged more in anaphase. Immunofluorescence analysis in untreated Indian muntjac fibroblasts showed a low frequency (particularly at low passages) of spontaneously lagging chromosomes in anaphase (3.22% ± 1.60%, mean ± SD, different passages) ( Figure 6D ), suggesting that correction mechanisms are usually robust to prevent chromosome missegregation during normal mitosis. Nevertheless, despite the small number of anaphase cells where the exact number of chromosomes with small or large kinetochores could be unequivocally determined (n = 22 cells, pool of seven independent experiments) and the fact that 2/3 of all chromosomes in Indian muntjac have smaller kinetochores, we observed a higher probability (see STAR Methods) for chromosomes with large kinetochores (pL = 0.34) to lag in anaphase, when compared with chromosomes with small kinetochores (pS = 0.14).
To further evaluate the significance of the previous observations and increase our sample size, we promoted the formation of erroneous kinetochore-microtubule attachments by monastrol treatment/washout. As expected, this treatment doubled the frequency of anaphase cells with lagging chromosomes relative to unperturbed controls (6.62% ± 1.91%, mean ± SD) ( Figure 6D ). Stimulated emission depletion (STED) super-resolution microscopy indicated that the large kinetochores on anaphase lagging chromosomes were often found stretched and deformed due to the formation of merotelic attachments ( Figure 6E ). Most strikingly, we found that 73% of the anaphase cells after monastrol treatment and washout showed at least one lagging chromosome with a large kinetochore, whereas only 30% of the anaphase cells showed at least one lagging chromosome with small kinetochores ( Figure 6F ). This corresponds to a much higher probability of chromosomes with large kinetochores to lag in anaphase, when compared with chromosomes with small kinetochores (pL = 0.44; pS = 0.085) (see STAR Methods). In fact, if chromosomes with small or large kinetochores had equal probabilities to lag behind in anaphase, one would predict a much higher frequency of chromosomes with small kinetochores to lag in anaphase than the one observed experimentally (94% versus 30%, respectively; Figure 6F ; see STAR Methods). Importantly, because chromosome 3+X in female Indian muntjac is smaller than chromosome 1 (which has a smaller kinetochore) but larger than chromosome 2 (also with a smaller kinetochore), these work as internal controls to exclude that the measured bias for chromosome 3+X to lag behind in Indian muntjac was related to chromosome size [36] . Finally, we tracked the fate of lagging chromosomes after monastrol washout in living fibroblasts and found that $50% resulted in the formation of micronuclei, a bona fide indicator of chromosome missegregation that has been implicated in chromosome rearrangements in human cancers [37] ( Figures 6G and 6H ; Video S5). We concluded that, despite robust error correction mechanisms during a normal mitosis, chromosomes with large kinetochores have a higher tendency to establish persistent merotelic attachments, resulting in a strong bias to lag behind in anaphase, potentially leading to missegregation.
Preventing Error Correction Also Generates a Missegregation Bias toward Chromosomes with Large Kinetochores
To test whether chromosomes with large kinetochores also missegregate at a higher frequency when error correction is prevented, we inhibited SAC activity with the Mps1 inhibitor Mps1-IN-1 [38] . Similar to its depletion by RNAi ( Figures 3A  and 3C ), Mps1 inhibition with 20 mM Mps1-IN-1 forced cells to prematurely enter anaphase, resulting in a marked increase of cells with lagging chromosomes (10.3%, scored from fixed material) ( Figures S5A-S5C ; Video S6). Interestingly, we found that after Mps1 inhibition, 50% of the anaphase cells showed at least one lagging chromosome with a large kinetochore, whereas 56% of the anaphase cells showed at least one lagging chromosome with small kinetochores ( Figure S5D ). This corresponded to a higher probability of chromosomes with large kinetochores to lag in anaphase, when compared with chromosomes with small kinetochores (pL = 0.31 versus pS = 0.21; see STAR Methods). In other words, if chromosomes with small or large kinetochores had equal probabilities of lagging behind in anaphase after Mps1 inhibition, one would predict a frequency of 81% of anaphase cells with at least one lagging chromosome with small kinetochores ( Figure S5D ; see STAR Methods). Thus, preventing error correction also generates a missegregation bias toward chromosomes with large kinetochores.
Polar Ejection Forces on Chromosome Arms Ensure Mitotic Fidelity but Are Not Implicated in the Observed Missegregation Bias for Chromosomes with Large Kinetochores
Previous reports in C. elegans have shown that loss of polar ejection forces after depletion of the kinesin-4 KLP-19 caused missegregation of holocentric chromosomes [39] . To test whether polar ejection forces acting on the long (F) Frequency of anaphase cells with at least 1 lagging chromosome with small or large kinetochores after monastrol washout (n = 32 cells from nine independent experiments). Dashed bar represents theoretical values for the frequency of lagging chromosomes with small kinetochores, if the probability to lag was equal for chromosomes with large or small kinetochores. (G) Live-cell imaging of an Indian muntjac fibroblast stably expressing H2B-GFP (green) and treated with 50 nM SiR-tubulin (magenta) illustrating missegregation of lagging chromosomes after monastrol washout. Scale bars, 5 mm. Time, hr:min. The green and magenta arrows indicate two lagging chromosomes that failed to integrate and reintegrated the main nucleus, respectively. (H) Percentage of cells (from live-cell imaging) with lagging chromosomes incorporating or forming micronuclei after monastrol washout (n = 59 cells, pool of five independent experiments). See also Figures S3-S5 and Videos S4, S5, and S6. chromosome arms of Indian muntjac account for the observed missegregation bias, we have investigated chromosome segregation fidelity in fixed and living cells after RNAi against the chromokinesin Kif4a/kinesin-4 in Indian muntjac fibroblasts ( Figures  7A-7C ; Video S7). We found that experimental attenuation of Kif4a led to a striking increase in the frequency of lagging chromosomes in anaphase ( Figures 7D and 7E ; Video S7), consistent with a role of polar ejection forces in the modulation of kinetochore-microtubule attachments and chromosome segregation fidelity [39] [40] [41] . Importantly, chromosomes with large kinetochores still showed a strong bias to lag in anaphase after Kif4a RNAi (pL = 0.43 versus pS = 0.13) ( Figures 7C and 7F) . Conversely, if chromosomes with small or large kinetochores had equal probabilities to lag behind in anaphase after Kif4a RNAi, one would predict a frequency of 96% of anaphase cells with at least one lagging chromosome with small kinetochores, and not the experimentally observed value of 44% ( Figure 7F ; see STAR Methods). These results exclude the role of arm-associated forces in the observed missegregation bias and support that kinetochore size is the critical variable. 
DISCUSSION
Here we show how kinetochore size impacts chromosome congression and bi-orientation, error formation and correction, as well as chromosome segregation fidelity during mitosis. Accordingly, we found that chromosomes with large kinetochores bi-orient and congress more efficiently and depend less on the kinetochore motor CENP-E. Because chromosomes with large kinetochores have an increased surface (and possibly a more favorable shape) for potential interaction with microtubules, these results help to explain why certain species with holocentric chromosomes, such as C. elegans, can complete congression in the absence of a CENP-E ortholog [5] . It is noteworthy that this does not seem to be a peculiarity of C. elegans, because 9/14 unrelated species with holocentric chromosomes and sequenced genomes also lack a bona fide CENP-E ortholog (D.D. and H.M., unpublished data).
Importantly, having a large kinetochore surface that facilitates chromosome bi-orientation comes with a price: chromosomes with large kinetochores have a much higher tendency to establish erroneous merotelic attachments and missegregate during anaphase. This implies that chromosomes that use the CENP-E pathway for congression are less prone to missegregate, offering a plausible explanation for why the CENP-E pathway emerged during evolution. On the other hand, species with holocentric chromosomes would be expected to be highly prone to chromosome missegregation, but in C. elegans only $1% of wild-type anaphases show lagging chromosomes [42] . In agreement, electron microscopy reconstructions of the C. elegans spindle failed to reveal merotelic attachments, against what would have been intuitively predicted for a species with the highest possible kinetochore/chromosome ratio [43, 44] . Thus, chromosome segregation fidelity might be ensured by a species-specific optimal kinetochore size.
Because chromosomes with large kinetochores also establish more errors, this would work as a negative selective pressure to maintain chromosomes with large kinetochores during evolution, suggesting that the errors resulting from incorrect merotelic attachments are unlikely to be propagated. Indeed, error correction mechanisms during normal mitosis appear to be very robust, in agreement with our findings of low missegregation rates in unperturbed cells. Moreover, based on direct live-cell imaging, we found that, even when cells were challenged, lagging chromosomes in Indian muntjac fibroblasts were able to re-integrate the main nuclei in $50% of cases. This most likely results from error correction mechanisms that are in place during anaphase and involve mechanical forces that stretch and deform merotelic-attached kinetochores, as shown in other systems [45, 46] . It is noteworthy that any potential loss of a single chromosome in Indian muntjac females would represent the loss of 1/3 of the haploid genome, which would seriously compromise cell viability. In agreement, previous work reported that chromosome missegregation and aneuploidy in Indian muntjac primary fibroblasts were essentially limited to the smallest Y 2 chromosome in males [47] .
Although kinetochore dimensions vary at least 2-fold among human chromosomes [12] [13] [14] [15] [16] [17] [20] [21] [22] , a legitimate question is whether kinetochore size differences have any functional implications for chromosome segregation in humans. The length of a-satellite DNA arrays on human centromeres varies more than 25-fold, ranging from 200 kb in the Y chromosome to >5 Mb in chromosome 18 [48] , and this has been proposed to contribute to CENP-A incorporation, at least in some chromosomes [21] . In agreement, the Y chromosome, which carries very little genetic information, was shown to recruit significantly less CENP-A compared with any other chromosome [20] [21] [22] and to missegregate at elevated frequencies in human cells [23] . Moreover, the loss of the Y chromosome is the most common somatic alteration in men and is associated with shorter survival and higher risk of cancer [49] . Thus, in addition to the low genetic pressure to keep the Y chromosome in men, its smaller kinetochore might compromise the establishment of competent microtubule attachments and contribute to the high missegregation rate. At the other extreme, CENP-A domain expansion and overexpression have been linked with chromosome missegregation and genomic instability in human cancer cell models [21, 50, 51] . Our finding that all centromere and kinetochore functional layers and respective microtubule binding capacity scale with centromere size suggests that any alterations at the foundations of kinetochore assembly will translate into architectural changes with functional implications for chromosome segregation. Because the level of CENP-A incorporation into human kinetochores also correlates with chromosome size [20] , one prediction from our studies that has been recently validated is that larger human chromosomes missegregate at higher frequencies [52] .
The microtubule binding capacity of human kinetochores in metaphase (excluding the Y chromosome) has been reported to range between 12 and 24 microtubules in one study [53] and 13 and 22 microtubules in another study [54] . This has been interpreted as though all kinetochores on human chromosomes bind, on average, to 17 microtubules. However, this 2-fold variability might instead reflect the structural variability in kinetochore size among different human chromosomes [12-17, 20, 22] . More recently, adaptive changes in kinetochore architecture as cells progress into metaphase were also proposed to play a critical role in chromosome orientation and error prevention during spindle assembly in human cells [19] . A remarkable human condition in which constitutive differences in kinetochore size might bias chromosome missegregation is the occurrence of dicentric chromosomes that remain active during mitosis. As in the Indian muntjac, these chromosomes have a ''compound'' centromere and kinetochore and were shown to have a much higher tendency to lag behind in anaphase when compared with their normal counterparts [55] . Taken together, the findings reported here about the role of kinetochore size in non-random chromosome (mis)segregation have broad implications for our current understanding of chromosome segregation in metazoans and highlight the importance of adaptive changes in kinetochore size for mitotic fidelity in humans.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: probabilities of the number of chromosomes with small/large kinetochores found at the pole. The random variables considered for the joint probability table were 'S', for the number of chromosomes with small kinetochores that stay at the pole, and 'L', for the number of chromosomes with large kinetochores that stay at the pole. Binomial distributions were fitted to both random variables, using information about the number of independent components (2 for large kinetochores, and 4 for small kinetochores) and the respective experimental values. All data are represented as the mean ± SD. Additional custom-made MATLAB scripts were developed to perform the frequency analysis on the number of lagging chromosomes during anaphase, according to the kinetochore size. Following a similar methodology as above, joint probability tables were calculated and used to obtain the marginal and the conditional probabilities of the number of lagging chromosomes with small and with large kinetochores. Experimental data was used to parameterize the associated probability distributions (binomial). The distributions were used to calculate the probability of having lagging chromosomes of a certain type, given that there was at least a lagging chromosome, under two different conditions: a) imposing equal values for the individual lagging probability, independently of the kinetochore size; and b) estimating the individual lagging probability for each chromosome type, constrained to the mean values of lagging chromosomes (of each type) observed experimentally. For control cells where the total number of chromosomes was not always 6 (4 chromosomes with small kinetochore and 2 with large kinetochore) the frequency analysis for the lagging chromosomes was not performed using joint probability tables. Given that a varying number of total chromosomes imposes important constraints to this approach, the frequency analysis was performed instead in terms of calculation of mean values for the fraction of chromosomes of each type that become lagging. This way, for each experiment, the total number of chromosomes with small and large kinetochores was accounted for to calculate a descriptive measurement, which is independent of the number of chromosomes.
Kinetochore tracking
Live-cell imaging of IM fibroblasts stably expressing CENP-A-GFP was performed as indicated, every 60 s, and analyzed after CENP-E inhibition using TrackMate Tool in Fiji (ImageJ). Initial kinetochore and pole positions at nuclear envelope breakdown were manually tracked in four dimensions (x,y,z,t) using Manual Tracking Tool. Further analyses and plotting were performed using MATLAB to assess the initial position of the chromosomes with large kinetochores relative to the spindle and spindle poles/equator. Data from different cells was pooled together by applying geometric affine transformations (without shear) to generate overlap for the poles location. Initial positions of the chromosomes with large kinetochores were plotted on a standardized geometrical representation of the mitotic spindle ellipsoid.
Statistical analysis
Statistical analysis was performed using SigmaStat 3.5 software. All data represent the mean ± SD. Statistical significance of differences between the population distributions was determined by Student's t test. For data that did not follow a normal distribution, statistical analysis was performed using a Mann-Whitney Rank Sum test.
